When ferritic stainless steels are exposed to the temperature range of 400-550°C, they undergo 475°C embrittlement that could be attributed to the spinodal decomposition. In the present study, high-chromium ferritic stainless steel, type 447, was aged at 520°C under both static and cyclic loading conditions and microstructure was analyzed using a transmission electron microscope (TEM). By aging under static condition, hardness and tensile strength were largely increased. TEM observation revealed the mottled contrast due to the typical spinodal decomposition of Cr phase. Under cyclic loading condition, increases in hardness and tensile strength were smaller than those under static condition. TEM micrographs of the specimens subjected to cyclic loading exhibited a lower contrast of the mottled pattern than those of the specimens aged under static condition, indicating that cyclic loading suppressed the spinodal decomposition, thus resulting in the lower increases in hardness and tensile strength.
Introduction
Ferritic stainless steels are increasingly used for automotive exhaust systems [1] because of their excellent properties such as high resistance to thermal fatigue and stress corrosion cracking, good toughness, ductility and weldability, compared with conventional austenitic stainless steels [2, 3] . However, ferritic stainless steels undergo embrittlement which occurs when they are exposed to the temperature range of 400-550 C, which is known as 475 C embrittlement [3] [4] [5] [6] [7] [8] . This embrittlement frequently occurs in ferritic stainless steels with high chromium contents and is believed to be caused by spinodal decomposition due to decomposes ferrite phase into Cr-rich and Fe-rich phases [4] [5] [6] .
Components in the exhaust systems are exposed to temperatures up to 1000 C depending on their position from engines, i.e. exhaust systems temperatures vary from 100 C for tail end pipe to approximately 1000 C for exhaust manifold [2] . Therefore, it is necessary to understand the effect of 475 C embrittlement on mechanical properties. Since machine components are generally subjected to cyclic loading, it is also necessary to clarify the mechanism of microstructural change under cyclic loading condition.
The objective of the present paper is to understand the microstructural changes of high-chromium ferrtic stainless steel subjected to cyclic loading in the 475 C embrittlement region. Type 447 was aged at 520 C under both static and cyclic loading conditions and the microstructure was analyzed using a transmission microscope (TEM).
Experimental details

Materials
The material used is high-chromium ferrtic stainless steel, type 447. The chemical composition (mass %) is C: 0.002, Si: 0.29, Mn: 0.31, P: <0.001, S: 0.002, Cr: 30.66, Mo: 2.2, N: 0.001, Fe: Bal. The mechanical properties are listed in Table 1 . Microstructures were observed using a transmission electron microscope (TEM) in order to investigate microstructural changes in the 475 C embrittlement region. Specimens for TEM observation were prepared by standard methods involving mechanical grinding, polishing and dimpling followed by ion milling. In order to study the mechanism of microstructural change under cyclic loading condition, fully reversed axial fatigue tests were performed using 49kN electro-hydraulic fatigue testing machine operated at a stress ratio of -1 and a frequency of 10Hz. Fatigue tests were performed using plate specimens of a width of 8mm, a thickness of 6mm and a gage length of 13.4mm. The fatigue specimen configuration is shown in Fig. 1 . A shallow notch of 0.5mm depth whose stress concentration factor is 1.06 was introduced on one side of the gauge section. Fracture surfaces were observed using scanning electron microscope (SEM). Test temperatures evaluated were ambient temperature and 520 C in laboratory air. Figure 2 shows Vickers hardness as a function of aging time at 400-540ºC. Vickers hardness measurements were performed at a load of 4.9 N, applied during 30sec. Hardness increased by the aging at around 520 C due to 475 C embrittlement and the highest hardness is achieved at 520°C. Tensile tests were performed at ambient temperature using the specimens aged at 520°C for 30h and for 100h. Table 1 shows the mechanical properties of aged specimens. The tensile strengths of the aged specimens are higher, while the elongation and reduction of area are much lower, than those of the unaged specimen. These results also indicate that embrittlement takes place significantly with an increase in aging time. Figure 3 reveals SEM micrographs of tensile fracture surfaces. It should be noted that fracture surface is brittle in the specimen aged at 520°C for 30h (Fig. 3(b) ), while ductile in the unaged specimen ( Fig. 3(a) ), which clearly indicates that embrittlement has occurred by aging. 
Results
Changes in mechanical property with aging
Microstructural changes
As shown in Fig. 2 , hardness increased significantly by the aging at around 520 C due to 475 C embrittlement. This phenomenon is believed to be caused by the spinodal decomposition of a ferrite phase into Cr-rich and Fe-rich phases [3] [4] [5] [6] [7] [8] . In order to identify the spinodal decomposition, microstructures were analyzed by TEM. TEM micrographs are shown in Figs. 4 and 5. In the unaged specimen (Fig. 4) other hand, the mottled contrast is visible (Fig. 5(a)~(c) ) by the aging at 520 C under static condition. This contrast is typically observed in the spinodally decomposed materials [9] [10] [11] [12] . The dark and light gray zones correspond to the Cr-rich and Fe-rich phases, respectively [12] . Figure 5 (c) is a TEM micrograph of the specimen aged at 520 C for 277h, in which the mottled contrast is significantly seen. Therefore, the spinodal decomposition grows with an increase in aging time. These TEM analyses strongly suggest that the increase in hardness by the aging at around 520 C has occurred due to 475 C embrittlement resulting from the spinodal decomposition. 
Fatigue strength and microstructural changes under cyclic condition
The S-N diagram is represented in Fig. 6 . Tests were performed at both room temperature and 520°C. The fatigue strength at 520°C is much lower than that at ambient temperature, where the fatigue limit is 270MPa at ambient temperature, while 170MPa at 520°C.
After fatigue test, TEM samples were prepared from the gage section of the specimens fatigued at three different stress amplitudes, a =170, 180 and 200MPa (corresponding fatigue lives were N f 1x10 7 , 4.6x10 5 and 1.1x10 5 cycles, respectively). In all fatigued specimens, the mottled pattern can be seen. However, it should be noted that the contrasts of the mottled pattern are significantly lower than those of the specimens aged under static condition (Figs. 5(a), (b) and (c)).
Discussion
As shown in Fig. 5 , the fatigued specimens showed a lower contrast of the mottled pattern than the specimens aged under static condition, which seems to be a typical microstructural change of the specimens subjected to cyclic loading in the 475 C embrittlement region. After fatigue test at 520 C, Vickers hardness was measured on the surface of fatigue-failed specimens. The relationship between Vickers hardness and fatigue life is represented in Fig.  7 . Also plotted in the figure are the hardness values of the fatigue-failed specimens at ambient temperature and of the specimens aged under static condition at 520 C. In the fatigue-failed specimens, no change in hardness can be seen at ambient temperature, while the hardness increases with fatigue life at 520 C due to 475 C embrittlement. However, the increase of hardness at 520 C under static aging is much higher than that under cyclic loading condition. Additional tensile tests were performed at ambient temperature using a run-out specimen fatigue-tested at =170 MPa (N=1x10 7 cycles 277h) at 520°C. The tensile test result is shown in Table 1 . The run-out specimen exhibits higher tensile strength than the unaged one due to the heat history at 520°C for 277h. However, the tensile strength of the run-out specimen is still lower than that of the aged one under static condition (520°C for 100h) in spite of the longer heat history at 520°C for 277h. The microstructural change, hardness and tensile strength evaluations indicate that the spinodal decomposition is suppressed by cyclic loading.
Conclusions
In this study, high-chromium ferritic stainless steel, type447, was aged at 520 C under both static and cyclic loading conditions, and the effect of cyclic loading on microstructure in the 475 C embrittlement region was investigated using a transmission microscope (TEM). The following conclusions can be made.
(1) By aging under static condition at 520 C, hardness and tensile strength were increased, while ductility was significantly reduced, due to 475 C embrittlement. TEM analyses revealed the mottled contrast showing the Cr-rich and Fe-rich phases due to the spinodal decomposition, which was clearly visible with an increase in aging time.
(2) Fatigued samples showed a lower contrast of the mottled pattern than in the specimens with the same heat history under static condition. The mottled contrast became less remarkable with an increase in fatigue life.
(3) The increases in hardness and tensile strength of the fatigued samples at 520 C are lower than those of the statically aged ones with the equivalent heat history. It indicates that cyclic loading suppressed the spinodal decomposition.
